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Abstract. Data from 14 independent controlled clinical trials 
on  th e  oral behav io r of Classes 1 and 2 am algam  
restorations, with a follow-up between five and 15 years, 
were re-evaluated by secondary analysis for the influence of 
alloy composition on the survival of amalgam restorations. 
For the analysis, 3119 restorations were available, which 
w ere  made from 24 different alloys by a group of seven 
o p e ra to rs .  The alloys w ere d iv ided into four groups 
according to their zinc content (zinc-containing and zinc- 
free) and their copper content (conventional and high- 
copper). During the follow-up of the trials, the restorations 
w ere annually assessed for failures, which were classified as 
to (1) restoration-, (2) restorative process-, and (3) patient- 
re la te d  reasons. With the restoration-related failures, 
survival functions of the restorations were estimated by 
a l lo y  and alloy group. The total num ber of failed 
restorations was 481, of which 77% were restoration-related 
and  14% process-related. Eighty percent of the restoration- 
related failures were due to some form of fracture of the 
amalgam. Restorations of conventional zinc-free alloys had 
the  shortest survival. After 13 years, only 25% survived. 
Zinc and a high copper content had an equally favorable 
influence on the survival rate, which was 70% after 13 years 
w hen either was present. The highest survival rates were of 
restorations of zinc-containing high-copper alloys: 85% after 
13 years. The zinc and copper contents of the alloy 
contributed to the corrosion resistance of the amalgams, 
which in turn influenced the survival of the restoration. The 
current ISO Standard 1559 on alloys for dental amalgam 
s h o u ld  be m odified  to account for these factors that 
influence the survival of amalgam restorations.
K ey words: amalgam alloy, restoration survival, clinical 
trials, secondary analysis, corrosion.
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Introduction
Many different amalgam alloys have been introduced since 
the appearance of dental amalgam more than 150 years ago. 
At present, most of the alloys on the market in the Western 
industrialized world satisfy the requirements of Standard 
1559: Alloys for Dental Amalgam [International 
Organization for Standardization (ISO), 1986]. The ISO 
standard can be traced back almost a century, when the 
effects of the chemical composition of an alloy on its 
physical properties (dimensional change, strength, and flow 
of amalgam) were extensively investigated (Black, 1908). For 
producers, the standard offers guidelines for the production 
and marketing of alloys. For clinicians, the standard is of 
less in terest because the clinical significance of the 
requirements is limited.
From a clinical point of view, the quality of an amalgam 
alloy can be expressed in the life span or survival of 
restorations made from it. The first attempts at analysis by 
survival were done in retrospective studies (Robinson, 1971; 
Allan, 1977; Crabb, 1981). The progressive failure of the four 
groups of restorations in the three studies has been 
transformed into survival rates (or proportional cumulative 
survival) in Fig. 1. The median lifetimes of the groups were 
from six to 11 years. For the determination of cause-effect 
relationships with respect to survival, however, 
retrospective studies cannot be used, because of their 
observational nature.
Influences on the survival of dental restorations can be 
investigated with long-term controlled clinical trials. In a 
clinical trial on three alloys, Osborne et al. (1980a) showed 
that after eight years the amalgam alloy had a significant 
influence on the survival rate of amalgam restorations due 
to bulk fracture. Similar studies have been done with 
different alloys and follow-up times, but with the same 
results (Doglia et al., 1986; Letzel et a l, 1989; Van Dijken, 
1991). The results of the four studies are summarized in 
Table 1. In general, restorations of high-copper alloys have a
1787
1788 Letzel et al. } Dent Res 76(11) 1997
years
Figure 1. Cumulative survival rates of four groups of amalgam 
restorations. The curves are transform ations of the original 
progressive failure data as published by the authors.
higher survival rate than those of conventional alloys. This 
is commonly attributed to the higher corrosion resistance of 
high-copper amalgams, due to the absence of the corrosion- 
prone gamma two phase in amalgam. However, there are 
exceptions to this rule (Alloys NT and AG, Table 1). Based 
on this result, it was postulated that when the corrosion 
resistance of the alloy has a causal relation with the survival 
of the restoration, the zinc content of the alloy has an 
influence on the survival, because zinc is the least corrosion- 
resistant component in the alloy (Marshall etal., 1987; Sarkar 
and Park, 1988),
At the U niversity  of N ijm egen D ental School, 14 
independent long-term controlled clinical trials have been 
conducted on influences on the su rv iva l of posterior 
amalgam and composite restorations. The results of the 
trials, however, are limited, because each trial had its own 
objectives, had a limited number of restorations at baseline, 
and in general suffered from long-term patient drop-out, so 
that the power for the detection of survival influences was 
weak. These limitations can be overcome if the survival data 
of the ind epen d en t tria ls are p o o led  and  analyzed  
simultaneously on survival influences.
Pooling of original data from various studies was first 
proposed 25 years ago (Light and Smith, 1971) and was 
further developed in educational research in the 1970s. Gen­
eral purposes of pooling data are: (1) to improve the estimate
of an effect, i.e., to increase the power of the effect, to resolve 
uncertainty  when studies d isagree; and (2 ) to answer 
questions that were not or could not have been posed at the 
s ta rt of the studies. Two m eth o d s  of pooling  can be 
distinguished: meta-analysis and secondary analysis (Glass, 
1976). In a meta-analysis, a group of previous studies with 
common underlying characteristics is critically reviewed, 
and the prim ary  resu lts  of each s tudy  are analyzed 
statistically, so that the results can be integrated. Meta­
analysis is a relatively new technique and has been done on 
the results of controlled clinical trials of resin-bonded bridges 
(Creugers and Van 't Hof, 1991) and posterior composite 
restorations (El-Mowafy et al, 1994). In a secondary analysis, 
the original data of a group of trials are first merged into one 
file, so that one large "observational study" is obtained. 
Next, influences of variables are re-analyzed directly. The 
advantage of such a re-analysis is that direct estimations of 
effects of variables are more precise, i.e., have a smaller 
standard error. The disadvantage of such a re-analysis is that 
results can be erroneous due to confounding of variables, 
which in turn is caused by the loss of randomization of the 
variables, when the trials are merged into one file. Secondary 
analysis has not previously been applied to clinical trials on 
dental restorations.
In this paper, a re-evaluation is described of the influence 
of the copper and zinc content of the amalgam alloy on the 
survival of amalgam restorations using pooled survival data 
of the 14 University of Nijmegen Dental School controlled 
clinical trials. The re-evaluation also is preceded by a 
comparison of the precision of alloy effect estimations on the 
survival obtained w ith the two abovem entioned data- 
pooling methods. The re-evalnation also is preceded by an 
investigation into the potential confounding of the amalgam 
alloy with other experimental variables, when the trials 
were re-evaluated by secondary analysis. The objective of 
the preceding analyses was to choose the most suitable 
method for the re-evaluation of the survival data.
M aterials and m ethods
The clinical trials
In the period 1974-1983, 14 trials on the oral behavior of Classes
I and II amalgam and composite restorations were initiated. 
Each trial had its own specific objectives, experimental design, 
and protocol. The main characteristics of the trials are listed in 
Table 2. Details of a number of trials have been described in 
previous publications on influences on the short-term clinical
Table 1 . Published survival rates in percentages of amalgam restorations by alloy
Author
Follow-up 
Time (yrs)
Total No. 
Restorations AAa MC
Conventional Alloys 
PR SF NT CA SH AG DI
High-Cu Alloys 
SY TI LU EP
Osborne et ai. (1980a) 8 105 76 65 89
Doglia et ai. (1986) 5 103 83 96 1 0 0 96
Letzel etal. (1989) 5 587 72 94 96 87
Letzel et ah (1989) 7 295 73 87 88 89 96 96
Van Dijken (1991) 6 126 83 98 87
a AA -  Aristalloy, Englehard Industries, USA; MC = Twentieth Century Micro Cut, Caulk, USA; PR = Premix, Cendres et Métaux, 
Switzerland; and EP = Epoque 80, Scania Dental, Sweden. For other alloy names, see corresponding codes in Table 4.
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behavior of the restorations Table 2 . Characteristics of the trials 
(L etzel et aL, 1978, 1987,
1989; Letzel and V rijhoef 
1983,1984a,b; Vrijhoef et al.,
1985; Hendriks et a l ,  1986;
Letzel, 1989).
P atien ts for th e  tr ia ls  
were mainly selected from  
university  students, staff, 
and their relatives. Selection 
criteria were: an acceptable 
level of oral hygiene, com ­
p lete  or a lm ost co m p lete  
d en titio n , the n eed  for a 
sufficient number of Classes 
I and II restorations, and  
availab ility  for long-term  
follow -up. The total nu m ­
ber of p a tien ts  w a s 615; 
their mean age at the place­
m ent of the re sto ra tio n s  
w a s 25 years (T able 2).
Slightly more m ales (60%) 
than fem ales en tered  the 
tria ls. Each p a tien t w as  
treated by only one opera­
tor. D epending on the de­
sign of the trial, the number 
of restorations per patient 
ranged from one to 1 2 .
The restora tion s w ere  
placed by a group of seven 
op erators w ith  ch arac­
teristics listed  in Table 3.
The group w as h e tero g e ­
neous w ith  respect to age 
and p r o fe ss io n a l e x p e r i­
ence, Within each trial, the 
se lec ted
Trial No.
Baseline Patients7 Retrieval Rate 
Year No. M eanAgea % Female in 1988/89
No. of 
Restorations
1 1974 57 23 57 55 360
2 1976 106 23 23 15 719
3 1977 76 23 35 36 484
4 1977 78 24 56 60 546
5 1978 49 26 52 61 250
6 1978 48 26 42 60 300
7 1979 14 24 52 64 54
8 1982 17 26 41 8 8 132
9 1983 25 26 30 8 8 125
10 1983 48 24 32 65 162
l l c 1980 48 24 32 65 228
1 2 c 1982 18 26 29 67 123
13c 1983 23 25 28 74 54
14c 1983 31 25 56 87 1 0 2
Total (Mean) 615b (25) (40) (54) 3639 (3244 amalgams)
Experimental Variables
No. of Amalgam Process Previous Publications
Operators Alloy Factord
2 6 - Letzel et ah (1978), Letzel and Vrijhoef (1984b)
3 4 2  (CM) Letzel et a i  (1989)
3 2 2 (IM) Letzel etal. (1989)
3 6 - Letzel and Vrijhoef (1983)
2 1 5 (CM) Letzel et al. (1987)
2 3 2 (PM) Letzel and Vrijhoef (1984a)
1 l e - -
1 6 - -
1 5 - »4
1 6
3 1 — Hendriks et al. (1986)
1
9
1
_ C
- Vrijhoef et al. (1985)
3 1
4fV
Letzel (1989)
7f 24S 3
a
b
d
e
ƒ
g
p a tien ts  w ere  
assigned at random to the 
participating operators. The
experimental variables were the restorative material and three 
factors in the restora tive  p rocess (Table 2). T w e n ty -fo u r  
amalgam alloys were included in the trials, several of them in 
more than one trial, and there was a wide variety in type and  
composition. Within each trial, a single batch of each am algam  
alloy was used. When the same alloy was used  in m ore than 
one trial, the batch num ber w as so m etim es  the sa m e  and  
sometimes different. The restorative process factor in four trials 
w as: (!)  c o n d e n sa tio n  m eth o d  (Trials 2  a n d  5: h a n d  vs .  
mechanical amalgam condensation techniques), (2 ) iso la tion  
method (Trial 3: rubber dam vs. cotton rolls), and (3) polish ing  
(Trial 6 : bum -ish only vs. burnish + polish). W ithin each trial, 
the leve ls  of the experim ental variables w ere  a s s ig n e d  at 
random to the teeth selected for restoration. Details of the vari­
ables can be obtained from the references listed in Table 2 . In 
total, 3244 experimental amalgam restorations were m ade.
The 24 amalgam alloys used in the trials w ere d iv ided  into  
four groups according to their copper and zinc content, as indi­
cated by + and - subscripts. The groups were:
SD between 4 and 7.
Several patients participated in more than one trial.
Trials 11, 12, and 14 were designed to evaluate the oral behavior of composite restorations, and 
amalgam served as a positive control. Trial 13 contained no such amalgam control group and is 
included only for a complete view of the 14 trials.
CM = Condensation Method, IM = Isolation Method, and PM = Polishing Method.
Two variations of the same alloy.
Most operators participated in more than one trial (see Table 3)
Some materials were used in more than one trial.
(1) conventional zinc-free alloys (Cu_Zn_),
(2) conventional zinc-containing alloys (Cu_Zn (J,
(3) high-copper zinc-free alloys (Cu (Z i\), and
(4) high-copper zinc-containing alloys (Cu+Z n+),
Conventional alloys had a copper content of 6 % (Cu_) and high- 
copper alloys 12% or more (Cu,,). Alloys which contained 0.3% 
or more zinc were classified as zinc-containing (Zn+), The trade 
nam es and manufacturers of the alloys are listed in groups in 
Table 4. Six alloys w ere experimental and not com m ercially  
availab le . Figs, 2a and 2c sh ow  representative restorations  
directly  after p lacem en t m ade of a Cu_Zn_ alloy  (SH) and a 
C u+Zn+ alloy (DI), respectively.
Conventional cavities of all types and sizes w ere prepared 
according to "extension for prevention" principles, All materials 
were prepared according to the manufacturers' directions for use, 
and the restorations were placed under isolation with rubber dam, 
Cavities for amalgam were lined with calcium hydroxide when 
they were deep, based on operator judgment. Am algam s were
Table 3. Operator characteristics
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Y ear of
Employment (%) 
Dental General
No. Birth Graduation Sex School Pract
1 1927 1955 Male 2 0 80
2 1938 1963 Male 80 2 0
3 1935 1961 Male 80 2 0
4 1951 1976 Male 50 50
5 1935 1961 Male 80 20
6 1940 1976 Male 2 0 80
7 1943 1985 Female 100
Participation in Trials 
Trial No.
Number of 
Restorations Placed
1,2,3,4,5/8,11,13,14
1,2
2.3.4.6.7.9.11.14
3/4,6
5
10.11.14 
12,13
1105
419
1070
496
125
260
164
condensed and burnished by hand, and all polished restorations 
were polished after a minimum of 24 hrs following placement. In 
the four trials in w hich  a restoration process factor w as an 
experimental variable, one level of the factor was die standard 
procedure as described above (Trials 2 ,3,5, and 6 , Table 2 ).
Survival analysis
After placement of the restorations, the patients were re-called 
at least once a year for re-examination. The last re-call was in 
1988-1989, so that the follow-up time for the restorations was 
between five and 15 years. The re-call rate of the patients at the 
last re-call for each trial and the m ean rate over all trials are 
given in Table 2. It can be seen that the shorter the follow-up 
time, the higher the re-call rate. In Trials 2 and 3, the relatively 
low  re-call rates (15 and 36%, respectively) were due to the large 
number of dental students participating as patients in those 
trials. After graduation, m any of these patients did not come 
back for re-examinations. In general, the reasons for patient 
drop-out were "moving w ithout leaving a new address" and 
"time lim itations because o f a n ew  and busy occupation".
Reasons such as lack of interest or discontent with the treatment 
or the annual re-examination procedure were infrequent, so that 
selective patient dropout probably did not occur.
A t the annual re-calls, the restoration s w ere carefu lly  
exam-ined for failures by one of the operators, who acted as 
evaluator. It was not possible to assign  re-call patients at 
random  to the evaluators, so that, in a num ber of cases, 
restorations were evaluated by the operator who made them.
The reason  w h y  a restora tion  fa iled  w as ca re fu lly  
ascertained. In this context, a restoration was defined as having 
failed when the tooth containing the restoration was missing, 
w h en  a rep lacem en t was u n a v o id a b le  to preven t further  
damage to the tooth, or when the patient wanted the restoration 
replaced for esthetic reasons. Restorations w ith  a clinically  
unacceptable extent of marginal deterioration— that is, Category 
6  of the Nijmegen Photo Rating Scale for marginal deterioration 
(Marshall ei ah, 1987)— were also considered to be failures for 
the purpose of this analysis.
For the survival analysis, the date at which a restoration w as  
first classified as failed was taken as the failure date of the 
restoration. This was usually an annual re-call date. In a few
ca ses , p a tien ts  m a d e
Table 4. Number of restorations at baseline and follow-up time per alloy and alloy group (N, 3244 -125 = 3119)
Alloy
Group
Amalgam Alloy 
Trade Name (Code) Manufacturer
Restorations 
at Baseline
Follow-up
(years)
Cu.Zn Shofu Spherical (SH) Shofu Dent. Co., Japan 60 13.4
Standalloy F (SF) Degussa, Germany 2 0 2 12.7
Cu Zn, + Ages tan 6 8  (AG) Bayer, Germany 60 13.6
New True Dentalloy (NT) S.S. White, UK 299 13.1
Cavex SF (CA) Cavex Holland, Neth. 60 12.8
Experimental 1 (El) Degussa, Germany 2 2 5.1
Cu+Zn_ Artalloy (AR) Degussa, Germany 145 10.4
Indiloy (IN) Shofu Dent. Co., Japan 115 10.6
Tytin (TI) S.S. White, UK 91 10.6
Sybraloy (SY) Kerr/Sybron, USA 91 10.5
Luxalloy (LU) Degussa, Germany 820 12.7
Experimental 2 (E2 ) Degussa, Germany 2 2
Experimental 3 (E3 ) Degussa, Germany 27
Oralloy (OR) Coltene, Switzerland 25 126 5.1
Permite C (PE) South Dent. Ind., Austr. 27
Valiant (VA) Caulk /Dentsply, USA 25
Cu.Zn,+ *r Cavex non-gamma 2 (CN) Cavex Holland, Neth. 10 0 10.4
Dispers alloy (DI) Johnson & Johnson, US 778 13.6
Experimental 4 (E4) Degussa, Germany 2 2
Experimental 5 (E5) Degussa, Germany 2 2
Experimental 6 (E6 ) Cavex Holland, Neth. 27 150 7.0
ANA 2000 (AN) Nordiska, Sweden 25
Avalloy (AV) Cavex Holland, Neth. 27
Lumicon (LM) Bayer, Germany 27
ap p oin tm en ts on their  
o w n  in it ia t iv e  w h e n  
they noticed that som e­
thing had happened to a 
restoration. When such  
a restoration had to be 
rep laced , the a p p o in t­
ment date was taken as 
the fa ilu re  date, The  
dates at which restora­
tions c la ss if ied  as not  
failed were seen for the 
last tim e were used to 
calculate (randomly cen­
sored ) su rv iva l tim es. 
Restorations of patients 
w ho dropped out were 
c o n s id e r e d  as lo s t  to 
fo l lo w -u p . U sin g  the  
censored survival times, 
w e estim ated  su rv iv a l  
fu n ction s of groups of  
restorations accord ing  
to the methods of Kaplan 
and Meier (1958). In Fig. 
3, survival functions are
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Figure 2. (a) Restoration of a Cu_Zn_ a llo y  (Shofu Spherical) after placem ent and (b) after six years with an unacceptable 
extent ol marginal fracture, (c) Restoration of a C u +Zn^ alloy ( D isp e rsa llo y ) after placement and (d) after s ix  years w ith  
negligible marginal fracture.
d e p i c t e d  g r a p h i c a l l y  a s  s u rv iv a l ,  c u r v e s ,  i n c l u d i n g  s t a n d  arc! 
e r ro r s .  T h e  c u r v e s  a re  d r a w n  a s  lo n g  a s  p o s s i b l e  in t i m e  in s u c h  
a w a y  t h a t  th e  s t a n d a r d  e r r o r  n e v e r  e x c e e d s  1 0 % .  'E ffec ts  o f  
e x p e r i m e n t a l  v a r i a b l e s  w e r e  t e s te d  f o r  t h e i r  s i g n i f i c a n c e  w i t h  
t h e  P r o p o r t io n a l  H a z a r d  M o d e l  (Cox, 1972).
To trace  the  c a u s e s  o f  fa i lu re /  w e  c la s s i f i e d  all  f a i l u r e  r e a s o n s  
a c c o r d in g  to a s y s te m  w h ic h  d i s t i n g u i s h e s  a m o n g  t h r e e  t y p e s  o f  
f a i lu re s  (Letzel c( at., 1989):
Type 1: F a i lu re  d i r e c t ly  r e l a t e d  to th e  r e s t o r a t i o n  (i.e., th e
rn a te ri a 1 a n  cl th e w  a  y  i t w  a  s m  a n  ip  u. la ted ) .
Fype 2: F a i lu r e  r e la t e d  to th e  r e s to r a t i v e  p r o c e s s  (i.e., th e
r e s u l t s  o f  th e  d e c i s i o n - m a k i n g  p r o c e s s  o f  t h e  
o p e ra to r ) ,
T y p e  3 : F a i lu r e  related to external factors (i.e., c a u s e d  b y
ex tra-ora I in fl u e rices, w h ic h  a re re la ted nei the r 
to the restoration nor to the resto rative  process).
i n f l u e n c e s  i n v e s t i g a t e d  f o r  a s s o c i a t i o n  w i t h  s u r v i v a l  in t h i s  
s t u d y  w e re :
(1)
(2)
(3)
T h e  o p e ra to r (7  levels),
T h e  m aterial (24 am algam  a llo y s  =  24  levels).
T h e  p ro c e s s  for a m a lg a m  r e s t o r a t io n s  (3 fa cto rs  
each w it h  2 levels).
T o  e v a l u a t e  th e  in f lu e n c e  o f  the  o p e r a t o r ,  w e  a s s u m e d  th a t  T y p e  
3 f a i l u r e s  w e r e  n o t  c a u s e d  b y  th e  o p e r a t o r .  T h e r e f o r e ,  o n l v
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Figure 3. Survival functions (Kaplan and Meier, 1958) of amalgam 
restorations made by five operators (Nos. 1-5) of alloys with 
medium survival quality. The lowest curve is Operator 5 and the 
second lowest Operator 2. Vertical lines represent standard errors.
Types 1 and 2  failures were taken into account in the survival 
analysis. Restorations with Type 3 failures were considered lost 
to fo llo w -u p . The sam e a ssu m p tio n  w as m ade w h en  the 
influence of the restorative process w as analyzed. W hen the 
influence o f the restorative m aterial w as analyzed / it w as  
assumed that Types 2 and 3 failures had no causal relation to 
the material, so that, for this analysis, only Type 1 failures were 
used. Types 2 and 3 failures were then considered restorations 
lost to follow-up.
We investigated the precision of alloy effect estimations by 
comparing the sizes of the standard errors derived from rneta- 
analysis and secondary analysis on the 1 0 -year survival rate of 
two alloys used in different trials. The potential confounding of 
the am algam  alloy effect w ith  that of the operator and the 
restorative process factor effects was investigated by provisional 
secondary analyses of the effects of the three variables.
R esults
Meta-analysis vs. secondary analysis
The comparison of the sizes of the standard error of the 
alloy effect on the 10-year survival rate obtained by meta­
analysis and secondary analysis is summarized in Table 5. In 
the Table, the survival rate is listed for three alloys used in 
two different trials. Alloy DI (Dispersalloy) was used in both 
trials, while alloys LU (Luxalloy) and IN (Indiloy) were used 
in different trials. With a meta~analysis, the standard error 
of the estimated difference between the 10-year survival 
rates of alloys IN and LU was 9.0%. W hen the same 
difference was estimated with a secondary analysis, the 
standard error was smaller (6.9%).
The provisional secondary analysis showed that some 
factors of the restorative process have a minor influence on 
the survival of the restorations. On the other hand, the 
amalgam alloy and the operator both have a strong survival 
influence. The magnitude of these two variables is given in 
Table 6 . In the Table, the lowest and highest 10-year survival 
rates of amalgam alloy and operator are listed, including the 
standard errors (SE). The rates show that both variables 
were strongly heterogeneous, which is an indication that the 
two variables are confounded.
For further provisional secondary analysis, survival 
functions of the restorations of the four alloy groups (Table 
4) were estimated. The results showed that, with respect to 
survival, the alloy groups could be divided into three 
clusters, which are:
Cluster 1: low survival (alloy group Cu_Zn).
Cluster 2: medium survival (alloy group Cu Zn+ and
Cu„Zn).*r
Cluster 3: high survival (alloy group Cu+Zn+).
An estimation of survival functions of the operator within 
each cluster revealed that the operator effect was significant 
only in Cluster 2. Survival curves of the restorations made 
by the five operators in this cluster are depicted in Fig. 3. 
The operator effect was mainly caused by Operator 5, who 
participated in only one trial and produced 125 restorations 
of one medium survival alloy in 25 patients (Tables 2 and 3). 
After 10 years, only 50% of his restorations had survived. 
When the restorations of Operator 5 were deleted, and only 
restorations of medium survival alloys were considered, the 
in itia lly  de tec ted  significance of the influence of the 
restorative process factors d isappeared . To overcome 
confound ing  problem s, we d ec id ed  to exclude the 
restorations of Operator 5 for further analysis. After this 
exclusion, confounding was no longer regarded as a serious 
problem. This and the results of the comparison of the 
standard errors as summarized in Table 5 led us to choose
Table 5. The standard error (SEa) of the effects of two alloys (IN and LU), each used in a different trial, on the 10-year survival rate of 
amalgam restorations
Analysis Trial Amalgam Alloy
10-year Survival 
Rate (%) SE Effect (%) SE Effect (%) SE
Meta- 2 DI (Dispersalloy) 91.9 4.5
2 LU (Luxalloy) 69.3 5.6 DL - LU? = 22.6 7.2
4 DI (Dispersalloy) 93.2 3.5
a  Z
4 IN (Indiloy) 88.7 4.1 DI4 - IN4 = 4.5 5.4 (DI2 -L U 2)-(D I 4 -IN 4) = 18.1 9.0
Secondary 2 LU (Luxalloy) 69.3 5.6
4 IN (Indiloy) 88.7 4.1 IN4 - LU2 = 19.4 6.9
l1 SE obtained with a meta-analysis and a secondary analysis.
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Figure 4. Survival curves of amalgam restorations made of (a) Cu,Zn_ alloys, (b) Cu_ Zn.h alloys, (c) Cu+Zn_ alloys, and (d) Cu.(.Zn ( alloys. For 
alloy names, see the corresponding codes in Table 4. Vertical lines represent standard errors. Note: The survival functions of alloy El within 
the Cu_Zn+ group and of the consolidated group within the Cu4.Zn_ group are not depicted, because they are covered by other functions.
secondary analysis as the most suitable way of survival data 
analysis. The number of amalgam restorations available for 
this analysis thus was 3244 -125 = 3119.
Failures
Of the 3119 amalgam restations at baseline, 481 had failed 
by the end of the follow-up. Divided into Types 1, 2, and 3 
failures, the numbers (and percentages) were 371 (77%), 66 
(14%), and 44 (9%), respectively. The numbers of Types 1, 2 , 
and 3 failures by reason for failure are listed in Table 7. 
Within Type 1 failures, six reasons can be distinguished, and 
within Types 2 and 3 failures, four reasons were noted. For 
an impression of the age of the failed res to ra tions, the 
follow-up was divided into three tim e periods. Type 1 
(restoration-related) failures due to bulk and marginal ridge 
fracture manifested themselves throughout the follow-up. 
The development of marginal fracture and discoloration, 
however, took more than four years to reach an unaccep­
table level. The majority of Type '1 failures were fractures of 
the amalgam (Bulk and Marginal Ridge Fracture + Severe 
Marginal Fracture = 48 + 32 = 80%), although the timing of 
the fractures was quite different, Only 5% of the Type 1 
failures were due to recurrent caries.
W ith  re sp ec t to Type 2 (p ro cess-re la ted )  fa ilu res , 
re s to ra tio n s  w ere  considered to have failed for tooth  
fracture, w hen an enamel cusp was partia lly  or totally 
frac tu red . The m ajority  of Type 2 fa ilu res w ere  tooth 
fracture (32 = 48%).
Pulpal involvement was interpreted as a Type 2 failure 
reason, w hen  a root canal treatm ent w as necessary, for 
which the restoration had to be rem oved. Most of those 
treatments were necessary within five years after placement.
The reasons for failure of the 44 Type 3 failures (caused by 
external influences) included 35 cases of prim ary  caries 
located on a proximal surface of the tooth that was caries-free 
at the time of placement (80%). In addition, there were five 
tooth a n d /o r  restoration fractures due to traffic, sport, and
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Table 6 . The lowest and highest 10-year survival rates of amalgam restorations of the 
amalgam alloy and operator levels
10-year Survival Rate (SE)
Experimental Variable No. of Levels Failure Types Lowest Highest
Amalgam alloy 24 Type 1 45.1 (5,7) 92.4 (2.9)
Operator 7 Types 1 + 2 59.3 (5,6) 92.2 (2.4)
home accidents, three replacements of sound restorations by 
full crowns to improve the occlusion, and one extraction of a 
restored tooth for an orthodontic treatment.
Survival
The survival curves of restorations of the alloys within the 
four alloy groups (according to Type 1 failures) are shown in 
Fig. 4, Five alloys in the Cu+Zn^ group and six alloys in the 
C u+Zn+ group had 27 or fewer restorations at baseline 
(Table 4). Since these  n u m b ers  w ere too sm all for 
meaningful survival estimations7 the restorations of these 
alloys within the two groups were consolidated into groups 
(n = 126 and 150, respectively; see Table 4), and from these 
two consolidated groups, survival functions were estimated, 
Survival curves of restorations of the two alloys of the Cu_ 
Zn_ group are depicted in Fig, 4a. In the long term, the 
curves are not significantly different. The median lifetime of 
the restorations is approximately ten years. A characteristic 
clinical example of this type is pictured in Fig, 2b. The 
survival curves of restorations of the Cu_Zn+ alloy group are 
given in Fig. 4b. The alloy type within this group has no 
sign ifican t influence on the su rv iva l, which starts to 
decrease at about six years. Fig. 4c contains the survival 
curves of restorations of the Cu+Zn_ alloy group. The group 
is slightly heterogeneous, which is caused exclusively by the
Table 7. Numbers and percentages of failures by age and typea
high survival of alloy AR. Generally, the 
surv ival of the alloys also begins to 
decrease at six years. The survival curves 
of restorations of the two alloys and of the 
consolidated group of the Cu+Zn+ alloy 
group are shown in Fig. 4d. The alloy 
group is homogeneous, and there is only a 
slow and gradual decrease in the survival. 
A representative clinical picture of a restoration of these 
alloys is given in Fig. 2d.
To illustrate the general influence of the copper and zinc 
content of the alloy on the survival, we put the alloys within 
the four groups together and estimated the survival function 
for each group. The number of restorations at baseline and the 
follow-up time of each group can be derived from the numbers 
listed in Table 4. The survival curves of the four groups are 
depicted in Fig. 5. It can easily be seen that the alloy 
composition has a strong influence on the survival. The 
survival rate of the Cu_Zn_ group is the lowest. At 13 years, this 
was 25%. The Cu_Zn+ and the Cu+Zn_ groups have the same 
survival, 70% at 13 years. The longest survivals are in the 
Cu+Zn+ alloy group. At 13 years, 85% of the restorations had 
survived.
D iscussion
Originally, the trials were designed to investigate influences 
on the short-term clinical behavior of characteristics of 
restorations, such as m arginal fracture of am algam  
restorations. However, during the follow-up of the trials, it 
became clear that the prospective value of such characteristics 
for the survival of the restorations is questionable, and that an 
investigation of survival effects on the restorations would be 
much more relevant for clinical dentistry. Therefore, it was
decided to extend the clinical beha­
vior to survival studies. Since the 
number of short-term failures of the 
restorations within each trial was 
rather small, it was decided to follow 
the restorations as long as possible 
and to re-analyze the trials simulta­
neously after the end of the follow-up 
by coinbining survival data. As such, 
with this re-analysis, questions were 
answered that were not and could not 
have been posed at the start of the 
trials (Glass, 1976).
The results of the comparison of 
the sizes of the s tan dard  errors 
showed that a direct survival effect 
estimation with secondary analysis is 
more precise than an indirect estima­
tion with meta-analysis. This con­
clusion can be generalized, because 
direct com parisons alw ays have 
lesser u n ce rta in ty  than ind irect 
comparisons. Confounding of influ­
ences of variables is the major poten­
tial drawback to secondary analysis. 
For these analyses, confounding has
Age of Restoration at Failure Total No.
Failure (yrs) During
Type Reason for Failure < 4 4-9 >9 Follow-up (%)
1 Bulk & marginal ridge fracture 56 81 41 178 (48)
Severe marginal fracture 2 70 47 119 (32)
Unacceptable discoloration 1 21 2 24 (6 )
Recurrent caries 2 2 11 17 (5)
Unacceptable anatomic form 1 3 2 6 (2 )
Unknown 3 17 7 27 (7)
Subtotal 65 196 110 371 (1 0 0 )
2 Tooth fracture 11 15 6 32 (48)
Unacceptable proximal contact 2 12 3 17 (26)
Pulpal involvement 1 2 2 1 '15 (23)
Unacceptable cervical adaptation 0 2 0 2 (3)
Subtotal 25 31 10 66 (1 0 0 )
3 Primary caries 9 16 '10 35 (80)
Accidents 2 2 1 5 (1 1 )
Replacements by crown 0 3 0 3 (7)
Extraction for orthodontics 0 1 0 1 (2 )
Subtotal 11 2 2 11 44 (1 0 0 )
Total '101 249 131 481
a Type 1 = Restoration-related; Type 2  = Process-related; Type 3 = Pa dent-related.
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offers an opportunity for investigation of the influence of the 
composition of the amalgam alloy separately from those of 
the other two causative factors. The system also can be used 
for survival studies of other filling materials.
The most surprising result of the secondary analysis was 
tha t the com position  of the  alloy had a trem endous 
influence on the life span of amalgam restorations. Those of 
conventional zinc-free alloys have by far the shortest 
survival. Shortly after placem ent, they started to fail, 
resulting  in a 13-year su rv iva l of 25%, when only the 
restoration-related failure reasons are taken into account. It 
is com m on know ledge th a t the gam m a two phase in 
conventional alloys rapidly corrodes in the oral environment 
(Wagner, 1962; Jorgensen, 1965). This results in a reduction 
of the strength of the amalgam, so that the restoration 
becomes v u lnerab le  to frac tu re  when subjected to 
masticatory forces. Therefore, corrosion is the underlying 
cause of the short survival of restorations of conventional 
alloys. An early clinical m anifestation  of corrosion is 
marginal fracture. This phenomenon was first described 30 
years ago (Jorgensen, 1965), and this rap id  form of 
deterioration of restorations of conventional zinc-free alloys 
has been found many times since then in short-term clinical 
trials (Letzel and Vrijhoef, 1984b).
The favorable influence of a high copper content of the 
alloy on its survival is not surprising and, in fact, was 
expected, This im p ro v em en t has been dem onstra ted  
frequently in clinical trials (Osborne and Norman, 1990): 
Restorations of h igh-copper alloys have less marginal 
fracture than those of conventional alloys (Mahler et a l, 
1970). However, the improvement has a temporary effect on 
survival, because after about six years, the survival rate 
starts to decline. Apparently, the corrosion is diminished 
and not stopped. Nevertheless, the median survival time 
cannot be estimated, since the 13-year survival is 70%.
A small amount of zinc in the alloy has an important 
favorable effect of the same m agnitude as that of high- 
copper content. With respect to corrosion, its influence is 
paradoxical. On the one hand, zinc is the least noble and 
most electro-active component in amalgam and dissolves 
very quickly (Johansson and Derand, 1983). On the other 
hand, it seems to reduce overall corrosion. The paradox can 
be explained by the sacrificial function of zinc in amalgam. It 
corrodes first and thereby delays the corrosion of the 
gamma two phase (Sarkar and Park, 1988). The favorable 
influence of zinc on the corrosion of conventional amalgam 
restorations has also been found in clinical studies (Wilson 
and Ryge, 1963; Watson et al., 1973): Restorations of zinc- 
containing alloys have less marginal fracture than those of 
zinc-free alloys. The corrosion reduction of zinc has the 
same temporary effect on survival as does high-copper 
content. After about six years, the survival rate starts to 
decline. A gain, the  m ed ian  su rv iva l time cannot be 
estimated, because the 13-year survival rate is 70%.
Restorations of high-copper alloys, which also contain a 
small amount of zinc, have the longest survival. Apparently, 
z inc  reduces the co rrosion  not only  of conventional 
amalgams, but also of high-copper amalgams. Again, this 
was found in a clinical trial (Berry et ah, 1986): After two 
years, restorations of zinc-containing high-copper alloys
have less marginal fracture than those of their zinc-free 
counterparts. The sacrificial behavior of zinc delays the 
corrosion of the Cu-Sn phase in the amalgam. An indication 
of this behavior was found in a microstructural investigation 
of retrieved pieces of failed restorations of zinc-containing 
high-copper alloys (Marshall et a l, 1987). The restoration 
surface in contact with the cavity wall frequently consisted 
of a thick layer of zinc-containing corrosion products, which 
presumably was formed by a first and selective corrosion 
attack of the zinc-containing phase in the amalgam. This 
finding also suggests that the zinc stays trapped at the 
interface. Remarkably, pieces of failed restorations of this 
alloy were very difficult to remove with hand instruments 
and seemed to adhere strongly to the cavity wall. This can 
be explained by phosphorus and calcium, which also were 
found in the zinc-containing layer and which may have 
created some form of adhesion of the amalgam to the cavity 
wall. It is not known whether a high zinc concentration at 
the tooth-amalgam interface has additional biological effects 
on the clinical behavior of amalgam restorations. It may 
have bactericidal properties and thus can have a preventive 
effect on the formation of recurrent caries. In any case, the 
biological consequences of zinc accumulation at the tooth- 
amalgam interface need to be investigated further. The 
survival of restorations of zinc-containing high-copper 
alloys decreases slowly with time, resulting in a 13-year 
survival rate of 85%. Restorations of these alloys have the 
highest resistance to corrosion.
During preliminary stages of the survival analysis, many 
m ethods were a ttem pted  to d iv ide  the alloys into 
hom ogeneous groups w ith respec t to their su rv ival 
behavior. Dividing the alloys into four groups according to a 
specific minimum copper and zinc content was found to be 
best. Only alloy AR did not fit the system. While it is a zinc- 
free, high-copper alloy, it behaves like a zinc-containing, 
h igh-copper alloy, which m eans that AR has a h igh 
corrosion resistance. A clinical illustration of this resistance 
is shown in Fig. 5 (AR restorations 13 years after placement). 
The exceptional behavior of the alloy may be explained by 
its high silver (80%) and low tin content (7%) (Bengel, 1990). 
This exception is an indication that metals other than copper 
and zinc may also have an influence on the corrosion of 
amalgam and survival of amalgam restorations.
It appears that the chemical composition of the alloy 
determ ines its corrosion resistance, which, in turn , 
determines the survival of the restoration. Based on the 
results of this secondary analysis, two elements of the alloy 
have been identified which appear to increase the survival 
of the restoration and act by inhibiting corrosion. The first 
composition factor is a copper content of 12% or more, and 
the second, a zinc content of 0.3% or more; these appear to 
act synergistically. The influence of alloy composition on 
survival must be investigated more thoroughly. This can be 
done with other secondary analyses of long-term controlled 
clinical trials on amalgam restorations in which other alloys 
with different compositions are involved. This may lead to 
the identification of other protective elements.
When the quality of an alloy is expressed in the survival 
of restorations, the results of this study indicate that three 
quality levels can be distinguished: low, medium, and high.
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Low-quality alloys had neither composition factor, and 
restorations made with them had limited lifetimes. Medium- 
quality alloys contained one factor and are suitable for 
making relatively durable restorations. High-quality alloys 
contained both factors, and restorations of them are capable 
of long-term survival (85% after 13 years). The influence of 
the alloy composition on the survival of restorations is long­
term and requires a follow-up time of at least ten years. 
Results of studies with a shorter follow-up, such as those 
summarized in Table 1, are therefore only suggestive.
The survival of restorations made for clinical trials cannot 
be strictly compared with that of restorations evaluated in 
observational studies in private practices and institutional 
settings (Robinson, 1971; Allan, 1977; Crabb, 1981). Yet the 
survival rates in Fig. 1 somewhat resemble the survival 
curves of restorations of conventional zinc-free alloys as 
shown in Fig. 4a. This resemblance can be explained by the 
alloy used  and  the opera to r characteris tics  in the 
observational studies. The restorations were placed in the 
1950s and 1960s and therefore can have been made of only 
conventional alloys. The zinc-free version of those alloys 
was probably used, because such alloys were the most 
popular at that time. Furthermore, a general practitioner 
who investigates the fate of amalgam restorations which he 
made 10 to 20 years previously and publishes the results of 
his investigation is probably highly skilled. Similarly, 
operators who participate in clinical trials on amalgam 
restorations probably have the same skill levels, which 
further enhances the similarity between the curves in Figs. '1 
and 4a. The sligh t d ifference may be a t tr ib u te d  to 
differences between the methods used to analyze survival. 
Only restoration-related failures were used to investigate 
the survival influence on alloy composition in this study, 
while in the observational studies, all failures were used.
The results of the secondary analysis show that the 
current S tandard  1559 for den ta l am algam  alloys 
(International Standardization Organization, 1986) is not 
predictive of amalgam survival, because all four alloy groups 
satisfy the composition requirement and because there is no 
requirement for corrosion resistance. The relevance of the 
standard can be improved by reformulation of some of the 
composition requirements. Among others, the minimum 
copper content should be changed from 6 to 12%, and the 
alloy should contain zinc, unless the producer can show that, 
with his alloy, equivalent performance can be expected. The 
warning that zinc in the alloy can cause delayed expansion of 
an amalgam thus contam inated should be m odified or 
deleted. This warning is a relic from the past, and delayed 
expansion can generally be prevented in modern ''four- 
handed" dentistry. Moreover, contaminated zinc-containing 
high-copper am algam  does not expand  as m uch as 
contam inated zinc-containing conventional am algam  
(Osborne and Berry, 1992). The standard should also contain 
a requirement for m inim um  corrosion resistance and a 
method to test this resistance. The design of such a test, 
however, will be difficult, because the clinical corrosion 
process is very complicated (Marshall et al, 1992).
The validity of marginal fracture as a criterion in clinical 
behavior studies of amalgam restorations has always been 
questionable, On the basis of a clinical and laboratory test of
three alloys, a relation w as suggested between marginal 
fracture after one year and the rheologic properties dynamic 
creep, static creep, and slow compressive strength (Mahler et 
a l, 1970). The results of this study, and of m any similar 
correlation studies, probably led to the ISO standard  for 
creep. H o w ev er, i t  has  b ee n  sh o w n  th a t th e re  is no 
correlation between marginal fracture after 2 to 2.5 years 
and creep when more alloys are involved in the correlation 
study (Osborne et a l, 1980b; Vrijhoef and Letzel, 1986). This 
means that the significance of short-term marginal fracture 
is not clear, and neither is creep. This study and the re­
interpretation of other marginal fracture studies which are 
mentioned in this paper suggest that short-term marginal 
fracture form ation has a certain prognostic value for the 
survival of the restoration. This needs to be investigated 
further and may lead to a re-appraisal of the significance of 
marginal fracture.
The ex is tence  of a lo n g - te rm  c o rre la t io n  be tw een  
marginal fracture and survival offers an opportunity for the 
design of a short-term  clinical test for am algam  alloys, 
w hich has  m ore re lev an ce  for c lin ical d e n tis try  than  
Standard 1559 (International Standardization Organization, 
1986). Such a test can be designed to conform to the draft of 
Standard 10993 (International Standardization Organization,
1991). According to the definitions of this draft, an amalgam 
alloy is a den ta l device, as are  all o th e r  d en ta l filling 
materials. The adoption of this standard will result in the 
acceptance of only effective alloys, that is, alloys providing 
restorations with demonstrable long-term survival. This, in 
turn, should resiilt in an improvement of the benefit-to-cost 
ratio of restorative dental care with amalgam.
The availability of only effective amalgam alloys should 
also help reduce m ercury pollution of the environm ent. 
Longer-lasting amalgam restorations are replaced less often 
and thus will decrease future discharges of amalgam waste 
into sewage systems. This discharge is rapidly becoming a 
political issue, a t leas t in W estern  E u rope  (E uropean  
Economic Community, 1984).
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